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Abstract: Onobrychis viciifolia (Scop.) (sainfoin) is promoted in the Spanish Aragón region through 
the Agro-Environmental Schemes (AES) since 2007 with the aim of enhancing biodiversity. Also, in 
other countries, the interest in this legume crop is growing due to its rusticity and beneficial effects 
on the soil and livestock. However, the effect of the crop on weed flora in the subsequent cereal 
crops has hardly been investigated yet. With this aim, weed flora has been characterised in 2011–
2014 in sainfoin fields in the second and third year of establishment (S2 and S3), in cereal monocrop 
(CM), in cereal after sainfoin (CS) and in organic cereal fields (OC). Additionally, the soil seedbank 
was determined in two years in CM and S3 fields. Weed species richness of emerged flora and of 
the soil seedbank was highest for sainfoin and lowest for CM, being intermediate for OC and CS 
regardless of the sampling year. The most feared weed species in winter cereal did not increase by 
growing sainfoin or in CS compared to CM. Curiously, summer annuals dominated in the soil 
seedbank. Sainfoin fields cause thus a shift in the weed flora, which does not seem to damage 
subsequent cereal crops provided fields are mouldboard ploughed after sainfoin. 
Keywords: mowing; pasture; biodiversity; crop rotation; Lolium rigidum Gaud.; Papaver rhoeas L.; 
Bromus spp.; Amaranthus retroflexus L.; Polygonum aviculare L. 
 
1. Introduction  
Since the new Common Agrarian Policy enacted in 2015, so-called “greening” encourages 
farmers to include different crops in their rotation. In Spanish dryland areas, this measure has led to 
an increase in sowing legume crops in low-land areas, mainly vetch and lucerne. Between 2007 and 
2014, one of the Agri-Environmental Schemes (AES) financed by the Aragón Government has been 
promoting sainfoin (Onobrychis viciifolia Scop.) with the objective of favouring steppe fauna, 
especially enhancing the nesting and reproduction of steppe birds. In the new Rural Development 
Plan (2015–2020) this measure has been included once more aiming to combine agriculture and 
environmental protection. Sainfoin is a forb belonging to the Fabaceae family and is grown as 
perennial forage on calcareous soils. The main climatic limitations of sainfoin are high temperatures 
and soil temperatures exceeding 10 °C causing a decrease in crown, taproot and fine root biomass [1]. 
On the contrary, sainfoin seedlings withstand temperatures below zero, demonstrating an adaptation 
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to the last spring frosts, which occasionally occur in cold areas after sowing [2], being a well-adapted 
crop to the cool temperate zones of Europe [3]. This crop is also tolerant to drought and resistant to 
the most common pests and diseases [4,5] excepting, e.g., powdery mildew [6], winter crown rot 
caused by low-temperature fungi [7] or a beetle affecting sainfoin recently described in Turkey [8]. In 
addition, this crop does not respond well to inputs as nitrogen: applying more than 80 kg N ha−1 did 
not result in significant increase in the forage dry matter in none of four tested cultivars [9]. Due to 
all these characteristics, this species is an appropriate crop to grow on poor soils at cool temperatures 
and dry summers in areas with continental climate where other forage crops as lucerne fail due to 
lack of water or too low temperatures.  
Sainfoin was first used as a crop in the sixteenth century in France and, due to the acceptable 
biomass productions on poor soils where other forage crops, such as lucerne, do not grow correctly, 
the Spanish Ministry of Agriculture promoted its use at the end of the 1960s. In 2015, this crop was 
grown on a total of 22,350 ha with Teruel province (in the Aragon region) producing the most (6947 
ha) [10]. Traditionally, this region has produced the most sainfoin in Spain (12,392 ha), with the mean 
seeded surface in this province in years 1946–2000 corresponding to 31% of the total Spanish acreage 
devoted to this crop [11]. However, a massive reduction in the number of sheep livestock in the last 
decades has resulted in less sainfoin being planted. 
The requirements for farmers in the Agri-Environmental Schemes (AES) financed by the Aragón 
Government are (a) growing sainfoin during 5 years in a surface of 2 to 50 ha, (b) removing the crop 
at latest 4 years after implantation and rotating at least one year with a different crop, (c) doing a 
single mowing between 1st of June and 30th August and (d) no grazing or mowing between 1st May 
and 1st of June to favour steppe bird nesting [12]. 
Following the results of a farmer survey conducted in 2014 in Aragon, 82% of them had grown 
this crop before the AES payments for more than 15 years, some even for 30 years [13]. Most of the 
farmers (70%) seed the crop in spring, with irregular sowing rates ranging between 50 and 150 kg 
ha−1, and only 23% of the farmers mow the crop during the first year provided there are specially 
good conditions in the first months for the crop development. The most common practice is the 
combination of mowing and pasturing (68% of the farmers) depending on the forage demand. 
Mowing is generally conducted between June and July (80% of the cases) which is compatible with 
the AES requirements. Sheep usually graze sainfoin in autumn–winter because the crop is green the 
natural pastures are generally dry. The plots are maintained for 2–5 years depending on the crop 
establishment and climatic conditions with 70% of the farmers growing sainfoin for 3 to 4 years. Only 
farmers sowing sainfoin in direct drill (14%) use herbicides in winter, the rest of the producers do not 
perform any weed control method other than mowing or allowing pasture. The crop is judged to be 
normally positive for the crop rotation (95% of the enquired producers), some farmers denoting 
general benefits in the following crops even two years after. Very probably, these benefits are a sum 
of different advantages besides the nitrogen fixation, such as favouring soil microorganism diversity 
and enriching soil activity, compared to fields managed in cereal monocrop. 
The high content in tannins of sainfoin [14] offers multiple advantages for animals grazing the 
forage. For example, unlike other legumes such as alfalfa, sainfoin does not cause bloat in grazing 
animals [15]. In dairy cows, inclusion of sainfoin silage in fodder rations seems to reduce methane 
production per kilogram of dry matter intake and nutrient digestibility and moreover improves milk 
production [16]. Sainfoin has also anthelmintic effects in goats and sheep [17], and recent research 
also suggests reduction of the parasitic lamb coccidiosis [18]. All these advantages are causing an 
increasing interest in this crop in several countries for example in Canada [15], Austria, Switzerland 
[19], the UK [5] or even Russia (Siberia) [20], as well as in the areas where this crop has been 
traditionally grown, such as in Iran, Turkey and Spain.  
Despite its rusticity, sainfoin is more difficult to maintain than other legumes [5,21] so that it is 
often sown in a mixture with either grasses or lucerne [8] despite in Aragón sainfoin is sown alone 
(or undersown in the previous winter cereal). The main advantage of the use of mixed crops is that 
weed infestations in mixtures are generally lower as compared to pure grown swards [22]. However, 
in these mixed crops sainfoin may also suffer from competition of grasses [23] so that these mixtures 
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need to be selected carefully. Very little genetic improvement has been carried out in the last 60 years 
[4,5] despite the characterisation of many local accessions in different countries [24], thus there is a 
limited availability of well performing varieties [25]. It is generally accepted that sainfoin as well as 
other legumes should be more promoted in agriculture so that research generating new information 
around this crop is welcome. 
In the study area where this crop is promoted, no technical improvements have been made in 
the last decades and little is known about the possible effect of including this crop in the cereal 
rotation from the weed infestation point of view. The effect of the different management options such 
as mowing, grazing and the combination of both on the weed species composition of sainfoin fields 
has been documented in the Eastern Pyrenees [26], but only preliminary data has been published 
from the Aragon region [27]. It is well-known that growing monocultures easily generates weed 
problems [28] but hardly any information is available on the possible influence on weed infestations 
by including sainfoin in the crop rotation being winter cereal the main crop. As no specific weed 
control is conducted in sainfoin fields it is necessary to demonstrate that this crop will not carry over 
weeds in the following winter cereal [13].  
The objectives of this work are (1) to describe the weed flora in sainfoin fields in the second and 
third years (S2 and S3) in cereal monocrop fields (CM), in cereal grown after sainfoin (CS) and in 
organic cereal fields (OC) and (2) to evaluate the weed soil seedbank in S3 compared to CM and, thus, 
to find out if growing sainfoin during three years increases the abundance of weeds in following 
cereal crops. 
2. Materials and Methods 
2.1. Field Surveys 
Surveys were conducted during May 2011, 2012, 2013, and 2014 on cereal in the surroundings of 
Calamocha (Teruel, Aragon, Spain) where this crop is well-represented. Fields were chosen in several 
villages ranging from latitude 41°8’21.16’’ N to 41°4’43.48’’ N and longitude 0°52’50.71’’ W and 
0°43’50.90’’ W. A total of 108 fields were sampled. Each year, a total of 24 fields of ~1 ha were selected 
(6 CM, 6 S2, 6 S3 and 6 CS fields), and selecting different plots each year to increase possible 
variability. Additionally, 6 OC fields were included in 2013 and other 6 plots in 2014 as near as 
possible to the other fields belonging to the only two organic farmers of the area, one north to 
Calamocha and the other 20 km south (Figure 1). Irrigated fields near the rivers were excluded to 
avoid introducing more factors. Due to the marginality of this crop, it was not easy to find the 
appropriate 24–30 fields each year of the needed surface and crop characteristics and these fields 
were often difficult to reach. 
In the area, farmers occasionally spray postemergence herbicides in CM against broadleaved 
species and, in case of grass weed infestations, specific herbicides might be applied in pre-emergence 
or during the winter but herbicides are not used all years. Opposite, chemical fertilisers are commonly 
used, normally split in preplant dressing and a second top dress at tillering in spring. Contrary, OC 
is grown without herbicide use and fertilising only with organic materials. Mouldboard plough is 
generally used each year in conventional farming but not in organic farming where chisel and other 
noninversion tillage tools are used. 
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Figure 1. Map showing the surveyed fields. S2: sainfoin in the second year, S3: sainfoin in the third 
year, CS: sainfoin after cereal, OC: organic cereal, CM: cereal monocrop. The rest of OC fields were 
located in Fuentes Calientes, approximately 20 km south and are not included in the Figure to 
facilitate visualisation. 
The survey was conducted in full sainfoin flowering before mowing (stages 65−71 in BBCH 
scale) [29] and in cereal earing (stages 59–73 in BBCH scale) to allow maximum species identification. 
Survey dates were 12th to 20th May in 2011, 16th to 25th May in 2012, 20th to 30th May in 2013 and 21st to 
28th May in 2014. Three persons walked across the field in zigzag of the whole plot or covering 
approximately one hectare if the plot was bigger. Species appearing only in the field edges (first 2 
meters) were discarded as it is known that species richness is bigger in the boundaries [30]. While 
walking through the field they announced the presence of each new seen species and a fourth person 
noted down the name. When no new species were detected any more, an averaged abundance value, 
representative for the whole plot, was assigned to each identified weed species following the scale of 
Marnotte [16]. This method was considered the best to give a total picture of the weed infestation on 
the whole plot compared to counts in frames and allowed to describe the flora of many fields each 
year. The CEB scale (Comité d’Essais Biologiques) [31] relates plant density with weed soil cover, 
allowing a better estimation in the lower abundance categories and ranges from 1 to 9, which 
corresponds to categories of soil cover percentages of <1% (rare plants), 1–7% (<1 plant m−2), 7–15% 
(> 1 plant m−2), 15–30%, 30–50%, 50–70%, 70–85%, 85–93% and 93–100%, and has been successfully 
used in other surveys [32]. 
Additionally, crop height and crop soil cover were evaluated in the field during the survey. In 
laboratory, complementary information data including the exact plot area, perimeter, plot slope and 
altitude of the fields were determined using the Spanish official Geographic Information System of 
Agricultural Plots (SigPac database, 3.2.) [33]. Fields in the area are generally quite small due to the 
orographic conditions and accomplished 1.5 ± 0.08 ha and only 15% of the selected fields measured 
less than 0.75 ha. Mean altitude of the sampled fields was 1067 ± 7.9 m within the range of 907 to 1243 
m and 75% of the fields were located over 1000 m altitude. 
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2.2. Seed Bank Determination 
In 2012 and 2013, soil samples were taken in 13 S3 and in 10 CM fields. For each field, six 
subsamples were extracted following a cross shape, excluding the boundaries as in the field survey. 
Stones and evident plant rests were eliminated and samples mixed together. Sampling depth was 7.5 
cm, which meant an important sampling effort as soils were very stony, had not been ploughed in 
the last 3 years and, additionally, suffered compaction after sheep grazing. A total volume of 
approximately 1 litre of soil was sampled per field. The soil in the cereal fields was obviously less 
compacted. Soil was kept in plastic bags at 4 °C until processing. Samples were divided in half and 
two 0.5 l cylinders made with a 0.6 mm mesh were filled with each sample, excessive soil was 
discarded. Soil was washed using an own-made elutriator by the Weed and Plant Ecology Group of 
the Lleida University. The extractable method was preferred to the germinable one because of the 
higher amount of seeds extracted with the first one [34]. After one and a half hours of washing, rests 
were collected and small stones were later eliminated progressively with manual sievings. Seeds with 
similar aspects were grouped and photographed through binoculars (Olympus SZX7, Tokio, Japan, 
of 0.8–5.6 magnification using the camera Optika 4083.12LT, Ponteranica, Italy), and were counted 
and identified using appropriate literature [35–37]. 
2.3. Weed Species Composition: Most Frequent and Most Abundant Weeds, Richness, Cover, Shannon Index 
and Multivariate Analysis 
To identify the most damaging weed species in each crop, abundance weed data from the four 
sampling years were pooled together for each crop separately to calculate frequency and mean 
average when found. Those species with soil cover ≥3%, when present, and those with frequency 
≥30%, were selected. Weed frequency was calculated as a percentage of fields where each species was 
present for each crop separately but for all years together. These limits were chosen taking into 
account the threshold recommended by the Spanish Ministry of Agriculture in the Integrated Pest 
Management guide for cereals [38]. No official guidelines are published for forage crops yet, but 
following [39] private companies classify lucerne into the following quality classes depending on the 
visual weed content of the forage: supreme quality: 0% weeds; premium quality: up to 3% weeds; 
first class quality: 3–8% weeds; second quality: 8–25% weeds; and ordinary or third quality: more 
than 25% weeds. Thus, the 3% limit was considered also an appropriate limit for sainfoin. Thus, weed 
species exceeding both parameters of frequency and abundance are considered to be the most 
threatening for farmers. 
Shannon diversity indexes applied to weed abundance were calculated for the weeds found at 
each field and for the seeds found in the soil following [40]. 
   = ∑    ln    
 
     where    =
  
 
 (1) 
where S is species richness in each sample, pi = Ni/N, Ni is abundance or the number of seeds of 
species i and N is the total abundance or seed number of each sample. Species and seed richness data 
was tested for normality and homoscedasticity, seed richness needed √  transformation and 
standard ANOVA and Student–Newman–Keuls mean separation tests were performed on these data 
using SAS 9.4. (Cary, NC, USA) [41]. Weed cover, crop cover and crop height data could not be 
normalised and data was analysed using the nonparametric one-way ANOVA test of Kruskal–Wallis 
using the R Project for Statistical Computing [42]. Additionally, the nonparametric two-sample 
Wilcoxon rank-sum test was used to contrast paired samples on two different crops. 
Due to the nonsignificant interaction of “year x crop”, frequency and abundance data of all four 
years was pooled together for each crop to detect the most frequent and most abundant species. 
Data was checked for normality and homoscedasticity and submitted to ANOVA. As the factor 
“year” was not significant, data was pooled together and analysed with a Student–Newman–Keuls 
separation test using SAS v. 9.4. [41]. 
A Canonical Correspondence Analysis (CCA) was performed using Canoco 5 (Ceske 
Budejovice, Czech Republic) [43]. Tested variables were crop, year, plot slope, altitude, crop height, 
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crop soil cover, field perimeter/area and weed soil cover. Variables were selected stepwise using the 
Monte Carlo permutation test with 999 permutations. 
Species assemblages were analysed using the mean abundances of plant species per field. A 
matrix of similarities was obtained with Bray–Curtis coefficient using species abundances at each 
field per crop. This matrix was used to conduct a nonmetric multidimensional scaling (NMDS) 
analysis, which is the most robust unconstrained ordination method in community ecology [43]. 
2.4. Climatic Data 
Rainfall recorded in spring varied substantially within years, which is typical for the semi-arid 
climate of the area (Figure 2). Taking into account that the last sainfoin mowing or grazing is usually 
conducted in September, the rainfall recorded between October and May (timing of the survey) 
accounted for 279, 216, 368 and 213 mm for years 2010–2011, 2011–2012, 2012–2013 and 2013–2014, 
respectively. Precipitation recorded only in the spring months reached 161, 96, 150 and 59 mm for 
years 2011–2014, respectively. On the contrary, mean temperatures were quite constant within years. 
Mean spring temperatures of 12.2, 11.0, 9.5 and 11.6 °C for years 2011–2014, respectively. Winter 2012 
was colder than the rest but no crop damages were observed derived from those temperatures. 
 
Figure 2. Mean, maximum and minimum monthly temperatures (oC) and monthly rainfall (mm) of 
the data collected in the four survey years in Calamocha (Spain) [44]. 
3. Results 
3.1. Species Richness, Diversity and Weed Cover 
Species richness and Shannon index were affected significantly by factor “crop” (Table 1). The 
nonsignificant interaction “year × crop” allowed us to conduct the ANOVA on the pooled data of all 
four years for both parameters. 
The effect of crop was significant for the Shannon Diversity Index and species richness, whereas 
the effect of year was significant for species richness only (Table 1). The crop × year interaction was 
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not significant for either variable. A higher diversity index and richness were recorded in sainfoin 
fields and tended to be higher for S3 compared to S2 regardless of the survey year. Despite the fact 
that OC accounted for a higher species number than CM and CS, its weed diversity was similar to 
these two crops. Concerning the sampling year, generally more species were detected in 2013 
followed by 2011 probably due to the higher recorded rainfall in spring 2013 (Figure 2). Species 
richness was highest in sainfoin fields and tended to be higher for S3 compared to S2 regardless of 
the survey year. Richness in OC fields was lower than in sainfoin but higher than in CS or CM where 
species richness was the lowest (Table 1 and 2).  
Table 1. Results of the Analysis of Variance (ANOVA) analysis of species richness and Shannon 
index. 
Factors p-value (Species Richness) p-value (Shannon) 
Year 0.0227 0.3997 
Crop <0.0001 <0.0001 
Year*Crop 0.4582 0.203 
Table 2. Mean weed species richness and Shannon diversity index in the different crops. CM: cereal 
monocrop, CS: cereal after sainfoin, OC: organic cereal, S2: sainfoin second year, S3: sainfoin third 
year. 
Crop CM CS OC S2 S3 
Shannon Index 1.26 bc 1.19 c 1.23 c 1.38 a 1.35 ab 
Species richness 13.9 c 17.7 c 24.0 b 31.6 a 33.1 a 
Year 2011 2012 2013 2014  
Species richness 25.1 xy 21.4 y 26.9 x 21.8 y  
Different letters refer to significant differences in each column following Student–Newman–Keuls (p < 0.05). 
Mean weed cover was significantly affected by the crop x year interaction; moreover, weed cover 
tended to be highest in general for all crops in 2012 and 2013 and lowest in 2014 (Table 3). In all years, 
S2 and S3 tended to show the highest weed cover and CM the lowest, but differences were significant 
in year 2012 only (Table 3).  
Table 3. Mean weed cover (%) in the different crops. CM: cereal monocrop, CS: cereal after sainfoin, 
OC: organic cereal, S2: sainfoin second year, S3: sainfoin third year. 
Crop 2011 2012 2013 2014 
CM 20.7 a 24.3 c 33.3 a 14.5 a 
CS 16.8 a 41.7 bc 41.7 a 20.4 a 
OC - - 46.7 a 23.6 a 
S2 42.5 a 59.2 ab 41.7 a 11.4 a 
S3 44.4 a 71.7 a 55.7 a 27.5 a 
Different letters within each year refer to significant differences following the nonparametric Kruskal–
Wallis test and Wilcoxon test (p < 0.05). 
3.2. Weed Community Composition 
The amount of species with a frequency exceeding 30% was highest for OC, followed by S2 and 
S3, and lowest for CM and CS, while the amount of species exceeding 3% of soil cover was quite 
similar for most of the different crops tending to be slightly higher for S3 (Table 4). It is important to 
highlight that few species fulfilled both conditions exceeding 30% frequency and 3% soil cover, i.e., 
few species and should be considered potentially dangerous weed species in the respective crops 
(Table 5). Including sainfoin in the rotation seems to reduce the number of most dangerous weeds, 
being lowest in CS and CM and S2 and S3, while OC hosted the most. Interestingly L. rigidum was 
within the most frequent ones in all crops excluding OC.  
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Table 4. Number of species with highest frequency and soil cover in the different crops in all four 
sampling years. CM: cereal monocrop, CS: cereal after sainfoin, OC: organic cereal, S2: sainfoin second 
year, S3: sainfoin third year. 
Crop 
Number of Species with 
Frequency >30% 
Number of Species with 
Soil Cover >3% 
Number of Species Fulfilling 
Both Conditions 
CM 17 13 3 
CS 17 13 2 
OC 35 12 8 
S2 30 11 6 
S3 26 19 6 
Table 5. Species with highest frequency and soil cover (%) in the different crops in all four sampling 
years. CM: cereal monocrop, CS: cereal after sainfoin, OC: organic cereal, S2: sainfoin second year, S3: 
sainfoin third year. 
Species 
Crops Where the Species is Within the Most Abundant 
or Most Frequent Ones 
Lolium rigidum Gaud. CM, CS, S2, S3 
Polygonum aviculare L. CM, OC 
Cerastium perfoliatum L. CM 
Polygonum convolvulus L. CS, S2 
Chondrilla juncea L. OC 
Cirsium arvense L. OC, S2 
Centaurea sp. OC 
Ranunculus arvensis L. OC 
Hypecoum procumbens L. OC, S2 
Caucalis platycarpos L. OC 
Galium tricornutum Dandy OC, S2 
Diplotaxis erucoides (L.) DC S2 
Anacyclus clavatus (Desf.) Pers. S3 
Bromus tectorum L. S3 
Alyssum alyssoides (L.) L. S3 
Sanguisorba minor Scop. S3 
Descurainia sophia (L.) Webb ex Prantl S3 
Species that were both within the most frequent and most abundant ones that could thus cause 
most trouble to farmers were P. aviculare and C. arvense in OC, L. rigidum in CM, L. rigidum and P. 
convolvulus in CS, A. clavatus in S2 and L. rigidum and A. clavatus in S3 (Figure 3–7). Also, the group 
of several Bromus species showed notable abundance values under S2 and S3 but seemed to be 
nonproblematic in cereal fields, which are generally mouldboard-ploughed in the area. It is also 
striking that P. rhoeas was within the most frequent species in all crops (a bit less in CS) but showed 
low abundance rates less than 5% in all cases.  
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Figure 3. Species relative frequency and mean abundance when present in cereal monocrop fields 
(CM). Data of years 2011–2014 pooled together. Named species are the most abundant and most 
frequent ones. 
 
Figure 4. Species relative frequency and mean abundance when present in organic cereal fields (OC). 
Data of years 2013–2014 pooled together. Named species are the most abundant and most frequent 
ones. 
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Figure 5. Species relative frequency and mean abundance when present in cereal fields after cropping 
sainfoin (CS). Data of years 2011-14 pooled together. Named species are the most abundant and most 
frequent ones. 
 
Figure 6. Species relative frequency and mean abundance when present in sainfoin fields in their 
second year of establishment (S2). Data of years 2011–2014 pooled together. Named species are the 
most abundant and most frequent ones. 
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Figure 7. Species relative frequency and mean abundance when present in sainfoin fields in their third 
year of establishment (S3). Data of years 2011–2014 pooled together. 
All 10 tested environmental variables had a significant effect on weed species distribution (Table 
6). Crop type had the highest influence, with S3 being the crop with the most different weed flora, 
followed by survey year, slope, altitude, crop height, crop cover, field perimeter/area and weed soil 
cover (Table 5). 
Table 6. Results of the Canonical Correspondence Analysis (CCA). CM: cereal monocrop, CS: cereal 
after sainfoin, OC: organic cereal, S2: sainfoin second year, S3: sainfoin third year. 
Name Contribution % p 
S3 10.5 <0.001 
OC 9.3 <0.001 
S2 9.2 <0.001 
CM 5.2 0.226 
CS 5.2 0.226 
2013 10.4 <0.001 
2012 8.6 <0.001 
2011 6.8 <0.001 
2014 6.8 <0.001 
Slope 7.7 <0.001 
Altitude 7.4 <0.001 
Crop height 6.8 0.007 
Crop soil cover (%) 6.4 0.007 
Field perimeter/area 6.1 0.027 
Weed soil cover (%) 5.8 0.028 
The CCA demonstrates that 2013 is associated to a different weed flora overall than the rest of 
years (Figure 8) what could be consequence of the high rainfall recorded between October 2012 and 
May 2013, which was almost double as high than in the other three seasons (Figure 1). Also, flora in 
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S2 and S3 were different to the rest of crops, confirming the hypothesis that weed communities found 
in sainfoin should not be the same than in cereal. 
Altitude and crop height had the opposite influence on weed flora. Soils at higher altitude 
generally have higher stoniness, which is probably related to lower soil fertility and, concurrently, 
lower crop height. A certain delay in crop development also occurs at higher altitude due to cooler 
temperatures but this factor should not be affecting cereal and sainfoin in May, when sampling was 
conducted. Also crop cover and slope have an opposite influence on weed flora. 
Our results (Figure 8) indicate that substantial differences in the presence and abundance of 
plants species in the weed community composition occurred in the different crops. Therefore, species 
assemblages in the weed community were significantly influenced not only by local and 
environmental factors but also by crop type (Table 5). The NMDS analysis (k = 2, nonmetric fit: 
r2 = 0.95) showed a clear distribution of the sites based on the floristic similarities of the surveyed 
fields (Figure 9). 
 
Figure 8. CCA analysis graph. CM: cereal monocrop, CS: cereal after sainfoin, OC: organic cereal, S2: 
sainfoin second year, S3: sainfoin third year. 
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Figure 9. Nonmetric multidimensional scaling ordination based on the floristic similarities depending 
on the crop type of 108 fields. 
3.3. Crop Soil Cover and Height 
As these two factors were significantly related to species composition, data was additionally 
analysed. S3 tended to have least cover than S2 all four years, being statistically lower in 2012 (Table 
7). CM and CS tended to have bigger soil cover than S2 and S3 in 2011 and 2012 but not in 2013 and 
2014, and OC tended to have lower crop cover than CM. Concerning plant height, similar values were 
obtained for CM, CS, S2 and S3, but OC had statistically lower plant height than the other sampling 
years.  
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Table 7. Mean crop cover (%) and crop height (cm) in the different crops. CM: cereal monocrop, CS: cereal after sainfoin, OC: organic cereal, S2: sainfoin second year, S3: 
sainfoin third year. 
Year/Crop 2011 2012 2013 2014 
 
Crop Cover 
(%) 
Crop Height 
(cm) 
Crop Cover 
(%) 
Crop Height 
(cm) 
Crop Cover 
(%) 
Crop Height 
(cm) 
Crop Cover 
(%) 
Crop Height 
(cm) 
CM 81.4 a 53.6 a 77.9 a 41.4 a 78.3 a 50.8 a 72.0 a 56.0 a 
CS 80.8 a 48.3 a 76.7 a 46.7 a 78.0 a 41.7 ab 62.5 a 58.3 a 
OC - - - - 51.7 a 26.7 b 66.4 a 35.0 b 
S2 74.4 a 53.1 a 73.3 a 53.3 a 81.7 a 53.3 a 80.7 a 57.9 a 
S3 68.3 a 50.6 a 46.7 b 43.3 a 58.7 a 42.9 a 69.2 a 50.8 a 
Different letters within each year refer to significant differences following the nonparametric Kruskal–Wallis test and Wilcoxon test (p < 0.05).
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3.4. Soil Seedbank 
A surprisingly high total seed number was found of seeds belonging to 41 different species in 
CM and to 57 different species in S3. The total seed number as well as the specific richness tended to 
be higher for S3 fields than for CM fields (Table 8). Despite differences were not significant, total 
weed seed richness was 1.3-fold higher for S3 compared to CM, which is lower than in the emerged 
flora accounting for 1.8-, 2.8-, 2.3- and 2.5-fold increases in years 2011, 2012, 2013 and 2014, 
respectively (calculated from data partially shown in Table 2). A total of 29 species present in S3 were 
not found in CM. The most frequent species in S3 fields were Anthemis sp. and Alyssum sp. (31% of 
the samples) and Medicago sp. (20%). Conversely, 13 species were exclusive for CM fields, with Setaria 
spp. and Cardaria draba (L.) Desv. being present in 20% of the samples fields, but the rest of species 
exclusive to CM were found in 10% of the samples, only. 
Table 8. Species richness identified in the seed bank analysis and total seed number (seeds × litre 
soil−1). CM: cereal monocrop, S3: sainfoin in the third year. 
 
Species 
Richness 
Total Seed Number 
(Mean) * 
Total Seed 
Number (Mean) 
Shannon 
Index * 
Shannon 
Index 
CM 8 a 201 a 202 a 1.11 a 1.11 a 
S3 10 a 226 a 239 a 1.18 a 1.34 a 
*excluding O. viciifolia seeds. Different letters correspond to significant differences following the 
Student–Newman–Keuls mean separation test with p <0.05. 
Surprisingly, the most frequent and also the most abundant species were the summer species 
Polygonum spp. and Amaranthus spp. in both crops (Tables 9, 10), and quite scarce seeds of the 
expected typical winter flora were found.  
Species with abundance in the third or fourth position had an irregular distribution with a high 
standard error (Tables 9, 10), but were very common species in the area and in the crops excepting 
Heliotropium europaeum (L.), which is less frequent. In both crops the values were generally low 
compared to the dominating seeds of Polygonum and Amaranthus spp.. 
In some plots, a coincident dominance of Polygonum aviculare L. and of Polygonum convolvulus L. 
in the emerged flora in May and in the seed bank were found, as well as for Alyssum spp. and Veronica 
spp. in other fields but, generally, few coincidences existed between the emerged flora in May and 
the species found in the seedbank (Tables 2,3,9,10). 
Table 9. Seed density (seeds × litre soil−1) from the most abundant species found in the different 
crops (mean ± standard error). CM: cereal monocrop, S3: sainfoin in the third year. 
Rank of the Species CM S3 
Most abundant species Polygonum spp.: 85 ± 26.5 
 Polygonum spp.: 99 ± 
16.0 
2nd most abundant 
species 
Amaranthus spp.: 62 ± 18.6 
Amaranthus spp.: 55 ± 
25.0 
3rd most abundant 
species 
Heliotropium europaeum Pall: 11 ± 
10.9 
Anthemis sp.: 18 ± 15.9 
4th most abundant 
species 
Nonidentified forb: 8 ± 5.3 O. viciifolia: 13 ± 3.0 
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Table 10. Percentage frequency of the most frequent species found in the different crops. CM: cereal 
monocrop, S3: sainfoin in the third year. 
Rank of the 
Species 
CM S3 
Most frequent 
species 
Polygonum spp.: 100  Polygonum spp.: 100 
2nd most 
frequent species 
Amaranthus spp.: 90 
Amaranthus spp., O. viciifolia, 
Veronica spp.: 100 
 
3rd most frequent 
species 
Veronica spp:  70 
Portulaca oleracea 
Lolium rigidum: 46 
4th most frequent 
species 
Lolium rigidum, Heliotropium 
europaeum, Fumaria spp.: 40 
Lamium amplexicaule: 39 
4. Discussion 
4.1. Species Richness and Weed Cover 
Following [45], fields with higher species richness will probably be less competitive and less 
prone to dominance by highly adapted species. Thus, in this study, S2, S3 and OC fields are very 
probably indicative of hosting a weed flora that is easier to control compared to CM and CS. 
Curiously, species richness in CS was statistically compared to CM, despite growing sainfoin during 
three years. In other situations, very rapid changes in weed flora have been found in cereal fields e.g. 
due to specific herbicide management, after only four years [46]. Thus, in the present study, the 
higher biodiversity recorded in sainfoin diminishes rapidly after sowing again winter cereal.  
The rainfall in the whole cropping season, i.e., between October and May seasons 2012–2013 and 
2010–2011, should have been the most favourable from a rainfall point of view. Considering only 
spring rainfall, again more crop growth should have been expected for springs 2013 and 2011. In fact, 
the highest species richness was found in 2013, followed by 2011, which could be caused by a higher 
crop competition and to higher species diversity due to increased rainfall those years. 
Concerning weed cover, low and high rainfall, recorded in spring 2014 and 2013, respectively, 
could also explain the lower and higher weed cover found those years (Table 3). Occasional herbicide 
use in CM and CS in the area is probably the main cause for high weed cover in the cereal crops, 
which only tended to be lower than in the S2 and S3 fields. Moreover, taking into account the found 
weed cover values, most sainfoin fields would have been considered as ordinary or third quality [36], 
despite that weeds in sainfoin do not substantially harm, as far as they add biomass to the pasture 
and are generally used for on-farm use and are often not commercialised [13].  
The results of lower crop cover in S3 compared to S2 suggest a decay of the crop as shown by 
other authors [4,46,47] (Table 6). The lack of significant differences in crop cover between cereals and 
sainfoin at flowering/earing shows that both types of crops probably compete similarly with weeds 
at this stage. Concerning crop height, the only significant differences concerned OC, which was 
smaller than the rest of sampled crops, very probably due to organic fertilisation instead of chemical 
dressing. Thus, differences in weed cover in the different crops could not be clearly explained with 
these two parameters determined at flowering/tillering. However, very probably, cereal covers the 
soil faster than sainfoin, thus competing better against weeds despite high-density sown sainfoin that 
may also be able to reduce weeds. Therefore, a more detailed crop cover and height description 
during the whole cropping cycle would be interesting to shed more light upon this topic included as 
a sainfoin breeding objective. 
4.2. Most Frequent and Most Abundant Species  
It is not surprising that more weed species were very abundant in S3 compared to the other 
crops where no weed control methods have been adopted except for mowing or grazing for three 
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years. However, this fact cannot be considered dramatic as no toxic plants were identified and weeds 
are edible for sheep too. The control methods used in OC seemed to be effective enough to reduce 
the number of potentially troublesome weed species down to a similar value than in the other cereal 
fields handled conventionally. The higher amount of species being frequent in OC and S2 and S3 
fields is probably related to the more extensive management of these fields as also found by [48,49] 
in organically managed cereal fields compared to conventional ones. 
Lower L. rigidum abundance in S2 and S3 may be because this grass also finds good conditions 
for germinating in sainfoin, howeverthe seed bank may gradually decrease because mowing in May 
makes resowing of this species possible only for early-ripening individuals. Highest abundance of L. 
rigidum in CM may be due to the good response of this species to fertilisation and semi-intensive 
conditions as well as its ability of developing herbicide resistance documented in other areas of 
Aragon since 1997 [50]. Moreover, this species is known to be one of the main weeds in cereal fields 
all over the Aragon region [32] and is probably well-adapted to any winter-growing crop excepting 
the low-intensity OC systems. In fact, other studies have shown the difficulty in controlling this 
species by mechanical and cultural ways, which are the main control tools in organic management 
[51]. 
The fact that P. rhoeas was within the most frequent species in all crops is consistent with other 
work demonstrating its good adaptation to periodic mouldboard ploughing corresponding to the 
situations in CM, OC and CS [52] and its ability to prosper at the same time under no-tillage [53], 
which corresponds to the situations in S2 and S3. P. rhoeas can also find good conditions for 
germinating in clear stands what may occur in dry years in any of the crops. The present results 
confirm the ability of this species to be dominant in several situations. 
Unexpectedly several of the most troublesome weeds with high abundance and frequency were 
coincident in OC and S2, i.e., C. arvense, H. procumbens and G. tricornutum being not found in those 
high proportions in the other crops (Table 3). Lack of herbicide use for broadleaved weed species 
control and lack of mineral fertilisation in OC and S2 might be the responsible of the increase of these 
species. Furthermore, auxin-like herbicides used in CM usually control the first two species efficiently 
while specific herbicides might be used in severe G. tricornutum infestations. 
The Integrated Pest Management guide published by the Spanish Ministry of Agriculture 
considers 2% as the threshold inside a cereal field to decide whether or not to conduct a treatment for 
the sum of the found weeds or for some of them individually [21]; Avena sterilis L., Bromus diandrus 
Roth, L. rigidum and Papaver rhoeas L. being the most troublesome weeds in cereal [32]. Similarly, in 
Germany the general economic threshold inside a cereal field has been established in 5–10% for 
broad-leaved species [54]. In the present data, abundance exceeding 10% was found in a few cases 
only, i.e., Alopecurus myosuroides Huds. in OC, CS and S2; Anthemis arvensis L. in CM and S3; Andryala 
integrifolia L. and B. erectus Huds. in S3; and Xanthium spinosum L. in S2. The only cases exceeding 
10% in both parameters were Alyssum spp. and A. myosuroides under CS (Figures 3–7). Alyssum 
species were abundant and frequent in S2 and S3 and could infest the subsequent cereal, despite the 
values were much smaller in CS after ploughing. However, its small size and short cycle may cause 
very little competition. Opposite, A. myosuroides did not seem to increase due to growing sainfoin; as 
this species reached higher values in CS than in S2 or S3 (7% frequency and soil cover of 10% and 
0.3% in S2 and S3, respectively). 
4.3. Species Composition 
In terms of local landscape structure, the landscape metrics related with the shape of the fields 
affected species composition. In other studies, irregular shaped fields with higher perimeter-area 
ratio than regular shaped ones provide a higher amount of potential source habitat for arable weeds 
that can spread and colonise in the inner field positions [55,56]. 
Concurrently, some of these species have been classified as rare arable species, which refuge in 
fields characterised by low inputs and low productivity [55]. On the other hand, the absence of soil 
disturbance in sainfoin fields implies that species such as Ranunculus arvensis L., Caucalis platycarpos 
L. and Adonis flammea  Schleich. ex Steud. (Table 3, Figure 8) become less common or absent. It is 
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known that the absence of regular soil disturbance in crop fields could have increased the 
establishment of certain weeds, such as perennials or winter annuals, at the expense of the highly 
specialised rare arable plants. Therefore, regular soil disturbance is crucial to promote emergence and 
build-up of rare arable plants. 
Furthermore, from a functional point of view, rare arable plants share a ‘rare weed trait 
syndrome’ that helps to explain their decline in different parts of Europe based on their similar 
response to management factors [57]. However, some studies highlight that the rarity of these species 
can be the result of specific interactions between seed traits and soil disturbance, particularly in semi-
arid cereal fields in Mediterranean Europe [56]. 
The NMDS revealed that plant assemblages respond to the difference intensification of the crop 
types, leading to a biotic homogenisation within fields subjected to the same management [55,58]. 
Stability in sainfoin field seems to favour a set of species which become dominant in absence of soil 
disturbance, which can undergo changes in species richness and diversity (Tables 1 and 2). 
4.4. Soil Seedbank 
In the soil seedbank at time of sampling (May) many species were at flowering stage previous 
to new seed shed so that the expected seeds in the seedbank should mainly belong to short-cycle 
species such as Veronica spp., Stellaria media (L.) Vill., etc., or from those species able to shed seeds in 
previous summers or autumns. 
A possible explanation for lack of winter flora seeds in the sainfoin fields is that mowing and 
pasturing of the crop causes that seed bank depletion by impeding the plants flowering in May to 
finish their cycle. This would support the farmers’ perception that sainfoin cleans the field from 
weeds harmful in cereal despite hosting many weeds [28].This way, seeds of species germinating in 
spring-summer and finishing the live cycle after mowing or pasturing as Amaranthus spp. would be 
favoured. Due to their prostrated growth habit possibly most of the Polygonum plants survive the 
moving and regrow afterwards while most of the Amaranthus plants probably germinated after 
mowing. Also those species producing new shoots after the crop exploitation, e.g., species of the 
Poaceae family, could benefit from this crop provided that they are capable to shed seeds after 
mowing or grazing. Moreover, seeds from Amaranthus spp. are long-lived seeds able to germinate 
7% 12 years after burial at 20 cm depth [59], Polygonum aviculare and P. convolvulus showed a seed 
viability decline pattern of a rapid loss of viability in the first 9.7 years after burial, but with a slower 
rate of decline afterwards with a slow proportion of seeds still remaining viable 19.7 years after burial 
[58]. These seeds are possibly not especially attractive for the local seed predators who had probably 
gathered many Poaceae seeds in the sampling moment [60]. 
On the other hand, it is known that ant populations increase seed predation activity with 
decreasing soil tillage [61], which was confirmed in the present data set by the abundance of ant rests 
found in the elutriator samples. Once the colonies are established they gather the seeds very rapidly 
burying them in the soil. These animals efficiently remove weed seeds being those of Poaceae, such 
as L. rigidum and Bromus spp. [62], which are abundant in many sainfoin fields but scarce in the seed 
bank of the same fields. It is thus hypothesised that in May most of those seeds produced in the 
previous summer attractive for ants had already been removed and the new seed rain has not yet 
occurred. 
The abundance of seeds of the summer annuals in the CM fields could be explained by the fact 
that after mowing in July no other crop is grown until the next cereal is sown in October-November 
and that these species are able to use moisture from summer storms to complete their cycle. 
Curiously few coincidences between emerged flora and seed bank were found. A possible 
explanation for this is that species like Bromus spp., which dominated in the aboveground vegetation, 
generate seeds that do not survive long time in the soil [63]. Thus as seed rain of the year had not yet 
occurred, it would be difficult to find seeds from the previous year. Also wind dispersion, for 
example of the Compositae species Chondrilla juncea and Lactuca serriola and seed predation by birds 
can have contributed in the little coincidence between the emerged flora and the seed bank. In other 
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cases the reason might be have been that the species was yet not present in May because the 
emergence period is subsequent to the May sampling (e.g. Amaranthus spp.). 
Additionally, a known drawback of the soil seedbank technique is the difficulty of sampling a 
representative amount of soil, among others [64]. Thus, it is possible that some species were not 
detected with this seed bank sampling technique due to collecting a too small soil size. Opposite, the 
description of the emerged flora in May focuses on species that could be dangerous for winter cereal, 
the detection of small-sized species, of those finishing the cycle early in spring and of species with 
summer cycle developing after the mowing or after pasturing the sainfoin as Amaranthus spp. are 
underestimated in these visual assessments in spring. Both sampling methods are thus incomplete 
but complementary and, in both cases, it has been found that there is a tendency of higher diversity 
in S3 plots compared to CM as well as a reduction of the most harmful species in cereal such as L. 
rigidum and P. rhoeas, which were only found at insignificant amount in the sainfoin fields seed bank. 
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